Sulfadoxine-pyrimethamine has never been recommended for the treatment of Plasmodium vivax malaria as the parasite is intrinsically resistant to pyrimethamine. The combination was introduced as a promising agent to treat Plasmodium falciparum malaria in many countries but was withdrawn after a few years due to development and spread of resistant strains. Presently, sulfadoxine-pyrimethamine is used as a partner drug of artemisinin-based combination therapy to treat uncomplicated falciparum malaria, and a combination of artesunate-sulfadoxine-pyrimethamine is currently in use in India. In countries like India, where both P. vivax and P. falciparum are equally prevalent, some proportion of P. vivax bacteria is exposed to sulfadoxinepyrimethamine due to misdiagnosis and mixed infections. As reports on the in vivo therapeutic efficacy of sulfadoxine-pyrimethamine in P. vivax are rare, the study of mutations in the marker genes P. vivax dhfr (pvdhfr) and pvdhps is important for predicting drug selection pressure and sulfadoxine-pyrimethamine resistance monitoring. We studied the prevalence of point mutations and haplotypes of both the genes in 80 P. vivax isolates collected from urban Kolkata, India, by the DNA sequencing method. Point mutation rates in both the genes were low. 
T
he burden of malaria caused by Plasmodium vivax has been greatly underappreciated both in terms of its clinical spectrum and incidence of disease (1) . Plasmodium vivax is a widely distributed human malarial parasite, with an estimated population of 2.49 billion people globally living at risk of infection in 2010 (2), of which 1.13 billion are from India (3) .
In most parts of the world chloroquine (CQ) remains the first line of treatment for patients with vivax malaria. In India, CQ was replaced by artemisinin-based combination therapy (ACT), a combination of artesunate plus sulfadoxine-pyrimethamine (ASϩSP), in 2009 for Plasmodium falciparum malaria, but in the case of vivax malaria, CQ remains the first-line agent along with primaquine (PQ) for 14 days.
In countries like India where two different species of human malarial parasites are equally prevalent, correct diagnosis is essential for treatment. But the mixed infections cannot be easily differentiated from monoinfection on the basis of either microscopic examination and/or clinical symptoms. Therefore, some proportion of the P. vivax population is often inadvertently exposed to SP selection pressure, and this might have caused the selection of SP-resistant alleles in P. vivax isolates. It has been considered that P. vivax is intrinsically resistant to pyrimethamine (4), but a high therapeutic efficacy of SP has also been reported (5) .
The two components of SP target dihydrofolate reductase (dhfr) and dihydropteroate synthase (dhps) of the folate biosynthesis pathway of the malarial parasite. Point mutations within the genes that encode these enzymes are the primary causes of resistance to the drugs. Several mutations in drug resistance markers have been identified in P. vivax. Most of these genes had initially been identified and analyzed in P. falciparum (6) (7) (8) (9) (10) , and orthologous genes have been determined in P. vivax. The mutations at positions 15, 50, 58, 117, and 173 in the P. vivax dhfr (pvdhfr) gene showing homology to codons 16, 51, 59, 108, and 164, respectively, which are the five key positions in the P. falciparum dhfr (pfdhfr) gene, were determined (11) . Similarly, five mutations at codons 382, 383, 512, 553, and 585 in the pvdhps gene corresponding to codons 436, 437, 540, 581, and 613 of the homologous gene pfdhps have already been identified (12, 13) .
Different studies of P. vivax parasites in different areas of malaria endemicity showed that mutations in the pvdhfr gene at codons 57, 58, 61, 117, and 173 (14, 15) and in the pvdhps gene at codons 382, 383, 512, 553, and 585 might be involved in antifolate resistance clinically (16) (17) (18) .
The prevalence of pvdhfr and pvdhps mutations has been studied in many regions in Southeast Asia, including Indonesia, Papua New Guinea, Sri Lanka, and Pakistan; but such information from India is scarce (19) (20) (21) (22) , and no data are available from this part of the country.
The present study was designed to determine the prevalence of polymorphism in the pvdhfr and pvdhps genes among the field isolates of urban Kolkata.
(This research was conducted by S. Ganguly in partial fulfillment of the requirements for a Ph.D. from the West Bengal University of Health Sciences, Kolkata, India.)
MATERIALS AND METHODS
Parasite isolates. Parasite isolates were collected during a therapeutic efficacy study of chloroquine either alone or in combination with 14 days of primaquine treatment in P. vivax malaria in the urban population of Kolkata, India, from December 2011 to June 2012. That was a randomized, double-arm, open-label, interventional trial for evaluation of the clinical and parasitological responses of CQ and CQ plus PQ (CQϩPQ) for treatment of uncomplicated P. vivax malaria based on the 2009 WHO therapeutic-efficacy protocol (23) . The protocol of the study was reviewed and approved by the Institutional Ethics Committee of the Kolkata School of Tropical Medicine and was registered in the Clinical Trial RegistryIndia (CTRI) of the Indian Council of Medical Research under registration number CTRI/2011/09/002031. A total of 250 P. vivax-positive patients confirmed by microscopy and PCR were recruited and randomized into two study arms: 125 patients in each arm (CQ and CQϩPQ). Among these, 205 patients completed 42 days of follow-up, and all cases were classified as adequate clinical and parasitological response (ACPR) (24) . A total of 80 isolates (30% of the total isolates) were included in the present study to determine the prevalence of polymorphisms in marker genes associated with antifolate drugs.
Preparation of DNA template from blood samples. Genomic DNA of P. vivax from all blood samples collected in EDTA-coated vials was extracted using a QIAamp DNA Blood Kit (Qiagen, Hilden, Germany), according to the manufacturer's instructions, with the modification that the incubation time with proteinase K was increased to 20 min at 56°C to improve the yield of the extraction. Extracted parasite genomic DNA of all the samples was preserved at Ϫ20°C, and an aliquot was used as the DNA source for further study.
PCR amplification and sequencing of pvdhfr and pvdhps genes. Fragments of the pvdhfr and pvdhps genes spanning codons 15, 50, 58, 117, and 173 and codons 382, 383, 512, 553, and 585, respectively, were amplified by seminested and nested PCR amplification strategies as described earlier (16, 17) with some minor modifications. All amplification reactions were carried out in a final volume of 50 l. The oligonucleotide primers and PCR conditions are summarized in Table 1 .
Sequencing and analysis. The quality and concentration of PCR products were ascertained by agarose gel electrophoresis. The products were subsequently purified using a commercial kit (QIAquick PCR Purification Kit; Qiagen) and used as the templates for sequencing. Sequencing was outsourced from Chromous Biotech Pvt., Ltd., Bangaluru, India. Sequencing reactions were carried out with an ABI Prism BigDye Terminator Cycle Sequencing Ready Reaction Kit on a 3730 XL genetic analyzer (PerkinElmer, Branchburg, NJ, USA).The sequences were analyzed using the free software Bioedit Sequence Alignment Editor, version 7.0.5.2 (www.mbio.ncsu.edu/bioedit/bioedit.html). The sequences were then aligned using the online sequence alignment tool ClustalW (available at www.ebi.ac.uk/clustalw).
Data interpretation. Single nucleotide polymorphisms in individual codons, both synonymous and nonsynonymous, were noted. Five important codons, 15, 50, 58, 117, and 173, in the pvdhfr gene were analyzed for genotype study. The wild-type pvdhfr genotype was defined as residues A 15 N 50 S 58 S 117 I 173 , while the mutant pvdhfr genotype was defined as having at least one amino acid change in the corresponding residues.
Similarly, five important codons, 382, 383, 512, 553, and 585, in the pvdhps gene were analyzed for genotype study. The wild-type pvdhps genotype was defined as S 382 A 383 K 512 A 553 V 585 while the mutant pvdhps genotype was defined as one with at least one amino acid change in the corresponding residues.
RESULTS
Mutation analysis in the pvdhfr and pvdhps genes. The pvdhfr gene was successfully amplified and sequenced in 70 isolates. Sequences were aligned and compared with the wild-type reference sequence (PlasmoDB accession no. PVX_089950) to detect point mutations. Polymorphisms were observed at 10 different codons, of which five were synonymous and five were nonsynonymous.
Among nonsynonymous mutants, S58R and S117N were more prevalent (40.6% and 39.1%, respectively). Genotype analysis of five codons of pvdhfr (15, Table 2 ). The only allelic variant in respect to tandem repeat with deletion of the sequence GDNTSG (18 bp; nucleotides 265 to 282) was found in only two isolates.
The pvdhps gene was successfully amplified and sequenced in 78 isolates. Sequences were aligned and compared with the wild-type reference sequence (PlasmoDB accession number PVX_123230) to detect point mutations. Polymorphisms were observed at eight different codons, of which three were synonymous and five were non- (Table 2) .
Mutations analysis in the pvdhfr-pvdhps genes. The pvdhfrpvdhps genes were sequenced in 67 isolates. Wild-type ANSSI-SAKAV was the most prevalent sequence (34.8%). The triple mutant ANRNI-SGKAV (mutations in boldface) was found in 29.9% of the isolates. Two types of double mutant haplotype were found: ANRNI-SAKAV in 6% of the isolates and ANSSI-SGKGV in 1.45% of the cases. Two types of single mutant haplotype were found: ANSSI-SGKAV was in 23.9% of the isolates, and ANRSI-SAKAV was found in 3% of the cases. A quadruple mutant haplotype, the ANRNI-SGKGV haplotype, was found in only 1.45% of the cases (Fig. 1) .
DISCUSSION
Mutations in the pvdhfr and pvdhps genes have been found to be associated with antifolate drug resistance (25, 26) . Several reports on in vitro drug assays and clinical therapeutic assessments generally agree with this hypothesis (27) (28) (29) , suggesting that genotyping of molecular markers may provide valuable information about the trends of SP resistance in P. vivax. Mutant 117N alone could increase the 50% inhibitory concentration (IC 50 ) of pyrimethamine by more than 80 times, and a combination of S58R and S117N increases resistance to this drug 400 times more than the wild type (28) . In the present study, we observed both the mutations in 40% of the isolates. But we did not find mutations at codons I13L, F57L, T61M, P33L, S93H, S117T, I172V, and I173L which have been reported from different parts of the country by various workers (19) (20) (21) (22) . It has been hypothesized that the S117N mutation is the first step in the drug resistance selection process, and S117T has been strongly associated with SP resistance (30) in areas with extensive use of SP (31, 32) , but the mutation was not found in the present study. A high risk of therapeutic failure of SP is significantly associated with the quadruple mutant allele L 57 R 58 M 61 T 11 (17, 28) . No triple or quadruple mutation in pvdhfr was detected in the parasite population prevailing in the study area, which is unlike the findings made by other investigators from India (19, 21, 22) .
Mutations in codons 382, 383, 512, and 553 were more prevalent in areas with extensive use of SP than in those with low SP use (33) . In the present study, we recorded five nonsynonymous mutations in the pvdhps gene, among which A383G and A553G are the two key codons related to sulfadoxine resistance. The double mutant S 382 G 383 K 512 G 553 V 585 genotype (mutations in boldface) has been found to be directly related to sulfadoxine resistance (32) which was noted in only two isolates. The present study showed that resistance-conferring mutations were found in two codons of pvdhfr and two codons of the pvdhps gene. The wild-type genotype was recorded in a large proportion of the isolates. As we did not study the therapeutic efficacy of this combination in P. vivax malaria, it is not possible to correlate the mutation genotype of pvdhfr and pvdhps with efficacy outcome. In the study area, SP alone has never been recommended by the National Drug Policy of India for the treatment of vivax malaria but was in use for chloroquine-resistant falciparum malaria. SP has been used as a partner drug with artesunate for the treatment of P. falciparum malaria since 2009, so a certain proportion of the P. vivax population has been exposed to this antifolate drug due to a wrong diagnosis and also in the case of mixed infection, resulting in a selection pressure which might be reflected in the observed mutation pattern in the pvdhfr and pvdhps genes. Reports on polymorphisms in pvdhfr and pvdhps are not available from the present study area before the introduction of ASϩSP, so the data could not be compared. We reported a high prevalence of quadruple and quintuple mutations in the pfdhfr-pfdhps genes in field isolates of P. falciparum from the same state (34) where SP was introduced for the treatment of chloroquine-resistant falciparum malaria in 2002, but no such data are available from urban Kolkata. The types and rates of multiple mutations of the pvdhfrpvdhps genotypes are lower than those found in other parts of the country (21, 22) . The results suggest that the P. vivax parasites in urban Kolkata may still be susceptible to SP. Hence, any combination of antimalarial drug with antifolates like ASϩSP that have been introduced for P. falciparum might be effective in P. vivax malaria also. A study of the therapeutic efficacy of this combination in P. vivax malaria is thus strongly suggested.
